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ANALOG/DIGITAL CONVERTER AND 
PROGRAM THEREFOR 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This is a divisional of Us. patent application Ser. No. 
11/138,651 ?led on May 26, 2005. 

BACKGROUND OF THE INVENTION 

1. Field of the Invention 
The present invention relates to an analog-to-digital con 

version apparatus that corrects digital data output from a 
plurality of analog-to-digital conversion units and a program 
therefor. 

2. Description of Related Art 
Conventionally, in case of converting an analog signal into 

an digital signal, there is knoWn an N-phase (N-Way) inter 
leaved analog-to-digital conversion method using N analog 
to-digital converters (hereinafter, referred to as ADCs) in 
order to raise a sampling rate apparently. 

HoWever, in the interleaved analog-to-digital conversion 
method as described above, When some errors are observed in 
phases of sampling clocks being supplied to each of ADCs 
and a frequency characteristic of each of ADCs, a frequency 
spectrum of a digital signal cannot be computed With high 
precision. 

For example, phases of sampling clocks being supplied to 
each of ADCs have to be different from one another by a 
predetermined phase. HoWever, it is dif?cult to move a phase 
of each of sampling clocks by a predetermined phase pre 
cisely. Moreover, although sampling clocks are supplied to 
each of ADCs With a precise phase, When a frequency char 
acteristic of ADC is not ideal, a variation is observed in 
sampling timing and a gain in each of ADCs and thus it is 
dif?cult to compute a frequency spectrum of a digital signal 
With high precision. 

For this reason, it is necessary to correct the sampled digital 
signal according to a frequency characteristic of each ADC. 
For example, a method for correcting a spectrum transformed 
from the digital signal by Way of discrete Fourier transform 
according to a frequency characteristic of each ADC is con 
sidered. 

In this case, an arithmetic unit that conducts discrete Fou 
rier transform and correction arithmetic sequentially acquires 
digital signal data by a predetermined data number and per 
forms arithmetic processing. HoWever, since the digital signal 
data are separately processed, there has been a problem that it 
is not possible to hold a continuity of a Waveform of a digital 
signal. 

Therefore, it is an object of the present invention to provide 
an analog-to-digital conversion apparatus and a program that 
can solve the foregoing problems. The above and other 
objects can be achieved by combinations described in the 
independent claims. The dependent claims de?ne further 
advantageous and exemplary combinations of the present 
invention. 

SUMMARY OF THE INVENTION 

To solve this problem, according to the ?rst aspect of the 
present invention, there is provided an analog-to-digital con 
version apparatus to Which an analog signal is divergingly 
supplied and Which corrects digital data output from a plural 
ity of analog-to-digital conversion units that sequentially con 
verts the analog signal in different timing by a predetermined 
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2 
phase. The analog-to-digital conversion apparatus includes: 
an interleaving unit operable to align the digital data respec 
tively output from the plurality of analog-to-digital conver 
sion units according to the timing in Which the digital data are 
respectively converted and to generate a data sequence; and a 
correction arithmetic unit operable to correct a data value 
error of the data sequence caused by a phase error of the 
timing, in Which the plurality of analog-to-digital conversion 
units samples the analog signal, based on a frequency char 
acteristic of each of the analog-to-digital conversion units, in 
Which the correction arithmetic unit includes: a data partition 
ing unit that generates a plurality of partition data by parti 
tioning the data sequence by a predetermined partition data 
number; a data inserting unit that inserts data With data value 
Zero at the head or end of each of the partition data by a 
predetermined insertion data number to sequentially output 
these data; an arithmetic unit that sequentially acquires the 
partition data sequentially output from the data inserting unit 
and sequentially outputs data after correction made by 
sequentially performing correction arithmetic according to 
the frequency characteristic of each analog-to-digital conver 
sion unit With respect to the acquired partition data; and a data 
connecting unit that adds the data of the insertion data number 
at the end of each data after correction sequentially output 
from the arithmetic unit according to each partition data and 
the data of the insertion data number at the head of the data 
after correction folloWing that data after correction in order to 
sequentially connect that data after correction and the data 
after correction folloWing that data after correction. 
The data partitioning unit may generate the plurality of 

partition data using a value, Which is obtained by subtracting 
the insertion data number from the number of process data 
sequentially acquired by the arithmetic unit, as the partition 
data number. 
The correction arithmetic unit may further include: a char 

acteristic storing unit that previously stores a frequency char 
acteristic of the analog-to-digital conversion unit; a Fourier 
inverse transform unit that converts the frequency character 
istic of the analog-to-digital conversion unit into a discrete 
signal on a time axis and inputs the signal to the data parti 
tioning unit; a Fourier transform unit that converts the signal 
output from the data connecting unit into a signal on a fre 
quency axis When the Fourier inverse transform unit inputs 
the discrete signal to the data partitioning unit; an error com 
puting unit that compares the signal output from the Fourier 
transform unit and the frequency characteristic stored on the 
characteristic storing unit and computes an error; and a data 
number adjusting unit that controls the number of insertion 
data so that the error computed by the error computing unit is 
Within a predetermined range. 
The data number adjusting unit may sequentially change 

the number of insertion data to cause the error computing unit 
to compute the error every the number of insertion data. 
The arithmetic unit may perform the correction arithmetic 

using the signal output from the Fourier transform unit as the 
frequency characteristic of the analog-to-digital conversion 
unit When the error is Within the predetermined range. 

According to the second aspect of the present invention, 
there is provided an analog-to-digital conversion apparatus to 
Which an analog signal is divergingly supplied and Which 
corrects digital data output from a plurality of analog-to 
digital conversion units that sequentially converts the analog 
signal in different timing by a predetermined phase. The 
analog-to-digital conversion apparatus includes: an interleav 
ing unit operable to align the digital data respectively output 
from the plurality of analog-to-digital conversion units 
according to the timing in Which the digital data are respec 
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tively converted and to generate a data sequence; and a cor 
rection arithmetic unit operable to correct a data value error of 
the data sequence caused by a phase error of the timing, in 
Which the plurality of analog-to-digital conversion units 
samples the analog signal, based on a frequency characteristic 
of each of the analog-to-digital conversion units, in Which the 
correction arithmetic unit includes: a data partitioning unit 
that partitions the data sequence into a plurality of partition 
data having a predetermined partition data number and 
respectively generates the partition data so that duplicated 
data of a predetermined number at the head of each of the 
partition data is overlapped With duplicated data of the pre 
determined number at the end of the partition data in front of 
that partition data; an arithmetic unit that sequentially 
acquires the partition data respectively generated from the 
data partitioning unit and sequentially outputs data after cor 
rection made by sequentially performing correction arith 
metic according to the frequency characteristic of each ana 
log-to-digital conversion unit With respect to the acquired 
partition data; and a data connecting unit that removes either 
of the duplicated data at the end of each data after correction 
sequentially output from the arithmetic unit according to each 
partition data or the duplicated data at the head of that data 
after correction and sequentially connects the end of that data 
after correction and the head of the data after correction 
folloWing that data after correction. 

The data partitioning unit may generate the plurality of 
partition data using the number of process data sequentially 
acquired by the arithmetic unit as the partition data number. 

The correction arithmetic unit may further include: a char 
acteristic storing unit that previously stores a frequency char 
acteristic of the analog-to-digital conversion unit; a Fourier 
inverse transform unit that converts the frequency character 
istic of the analog-to-digital conversion unit into a discrete 
signal on a time axis and inputs the signal to the data parti 
tioning unit; a Fourier transform unit that converts the signal 
output from the data connecting unit into a signal on a fre 
quency axis When the Fourier inverse transform unit inputs 
the discrete signal to the data partitioning unit; an error com 
puting unit that compares the signal output from the Fourier 
transform unit and the frequency characteristic stored on the 
characteristic storing unit and computes an error; and a data 
number adjusting unit that controls the number of insertion 
data so that the error computed by the error computing unit is 
Within a predetermined range. 

According to the third aspect of the present invention, there 
is provided a program causing an analog-to-digital conver 
sion apparatus, to Which an analog signal is divergingly sup 
plied and Which corrects digital data output from a plurality of 
analog-to-digital conversion units that sequentially converts 
the analog signal in different timing by a predetermined 
phase, to function. The program causing the analog-to-digital 
conversion apparatus to function as: an interleaving unit oper 
able to align the digital data respectively output from the 
plurality of analog-to-digital conversion units according to 
the timing in Which the digital data are respectively converted 
and to generate a data sequence; and a correction arithmetic 
unit operable to correct a data value error of the data sequence 
caused by a phase error of the timing, in Which the plurality of 
analog-to-digital conversion units samples the analog signal, 
based on a frequency characteristic of each of the analog-to 
digital conversion units, in Which the program causes the 
correction arithmetic unit to function as: a data partitioning 
unit that generates a plurality of partition data by partitioning 
the data sequence by a predetermined partition data number; 
a data inserting unit that inserts data With data value Zero at the 
head or end of each of the partition data by a predetermined 
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4 
insertion data number to sequentially output these data; an 
arithmetic unit that sequentially acquires the partition data 
sequentially output from the data inserting unit and sequen 
tially outputs data after correction made by sequentially per 
forming correction arithmetic according to the frequency 
characteristic of each analog-to-digital conversion unit With 
respect to the acquired partition data; and a data connecting 
unit that adds the data of the insertion data number at the end 
of each data after correction sequentially output from the 
arithmetic unit according to eachpartition data and the data of 
the insertion data number at the head of the data after correc 
tion folloWing that data after correction in order to sequen 
tially connect that data after correction and the data after 
correction folloWing that data after correction. 

According to the fourth aspect of the present invention, 
there is provided a program causing an analog-to-digital con 
version apparatus, to Which an analog signal is divergingly 
supplied and Which corrects digital data output from a plural 
ity of analog-to-digital conversion units that sequentially con 
verts the analog signal in different timing by a predetermined 
phase, to function. The program causing the analog-to-digital 
conversion apparatus to function as: an interleaving unit oper 
able to align the digital data respectively output from the 
plurality of analog-to-digital conversion units according to 
the timing in Which the digital data are respectively converted 
and to generate a data sequence; and a correction arithmetic 
unit operable to correct a data value error of the data sequence 
caused by a phase error of the timing, in Which the plurality of 
analog-to-digital conversion units samples the analog signal, 
based on a frequency characteristic of each of the analog-to 
digital conversion units, in Which the program causes the 
correction arithmetic unit to function as: a data partitioning 
unit that partitions the data sequence into a plurality of parti 
tion data having a predetermined partition data number and 
respectively generates the partition data so that duplicated 
data of a predetermined number at the head of each of the 
partition data is overlapped With duplicated data of the pre 
determined number at the end of the partition data in front of 
that partition data; an arithmetic unit that sequentially 
acquires the partition data respectively generated from the 
data partitioning unit and sequentially outputs data after cor 
rection made by sequentially performing correction arith 
metic according to the frequency characteristic of each ana 
log-to-digital conversion unit With respect to the acquired 
partition data; and a data connecting unit that removes either 
of the duplicated data at the end of each data after correction 
sequentially output from the arithmetic unit according to each 
partition data or the duplicated data at the head of that data 
after correction and sequentially connects the end of that data 
after correction and the head of the data after correction 
folloWing that data after correction. 
The summary of the invention does not necessarily 

describe all necessary features of the present invention. The 
present invention may also be a sub-combination of the fea 
tures described above. 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a vieW exemplary shoWing a con?guration of an 
analog-to-digital conversion apparatus 100. 

FIG. 2 is a vieW explaining a sampling clock being supplied 
to each of the ADCs 10. 

FIG. 3 is a vieW exemplary shoWing a frequency charac 
teristic of a signal output from each of Fourier transform units 
12. 
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FIG. 4 is a view exemplary showing a part of a frequency 
characteristic of a signal output from the Fourier transform 
unit 12-1. 

FIG. 5 is a view exemplary in which each of frequency 
characteristics is displayed on a complex space. 

FIG. 6 is a view showing another example of a part of a 
frequency characteristic of a signal output from the Fourier 
transform unit 12-1. 

FIG. 7 is a ?owchart exemplary showing an operation of an 
analog-to-digital conversion apparatus 100. 

FIG. 8 is a view showing another example of a con?gura 
tion of the analog-to-digital conversion apparatus 100. 

FIG. 9 is a view exemplary showing a con?guration of the 
correction arithmetic unit 42. 

FIG. 10 is a view exemplary explaining an operation of the 
correction arithmetic unit 42. 

FIG. 11 is a view showing another example of a con?gu 
ration of the correction arithmetic unit 42. 

FIG. 12 is a view exemplary explaining an operation of the 
correction arithmetic unit 42 shown in FIG. 11. 

FIG. 13 is a view showing another example of a con?gu 
ration of the correction arithmetic unit 42. 

FIG. 14 is a view showing another example of a con?gu 
ration of the correction arithmetic unit 42. 

FIG. 15 is a view exemplary showing a con?guration of a 
computer 400 that stores a program causing the analog-to 
digital conversion apparatus 100 to function. 

DETAILED DESCRIPTION OF THE INVENTION 

The invention will now be described based on the preferred 
embodiments, which do not intend to limit the scope of the 
present invention, but exemplify the invention. All of the 
features and the combinations thereof described in the 
embodiment are not necessarily essential to the invention. 

FIG. 1 is a view exemplary showing a con?guration of an 
analog-to-digital conversion apparatus 100. The analog-to 
digital conversion apparatus 100 is a device that converts an 
analog signal provided as an input signal into a digital signal, 
and includes a plurality of ADCs 10-0 to 10-3 (hereinafter, 
generally referred to as ADC 10), a plurality of Fourier trans 
form units 12-0 to 12-3 (hereinafter, generally referred to as 
Fourier transform unit 12), a plurality of correction units 16-0 
to 16-3 (hereinafter, generally referred to as correction unit 
16), a measuring unit 14, and an interleaving unit 18. More 
over, in this example, although the analog-to-digital conver 
sion apparatus 100 converts analog signals into digital form 
by means of four ADCs 10, the number of ADCs 10 is not 
limited to four. For example, the analog-to-digital conversion 
apparatus 100 may convert analog signals into digital signals 
by means of 2” pieces (here, n is one or more integer number) 
of ADC 10. Even in this case, since the analog-to-digital 
conversion apparatus 100 realiZes an operation similar to the 
analog-to-digital conversion apparatus 100 in this example, it 
is possible to compute a frequency spectrum of digital signals 
with high precision. 

Sampling clocks having phases different from one another 
by a predetermined phase are respectively supplied to the 
ADCs 10. The supplied sampling clocks will be described 
below referring to FIG. 2. Then, analog signals are supplied to 
the ADCs 10 as input signals, and are sampled according to 
the sampling clocks. 

The Fourier transform units 12 are respectively provided 
corresponding to the ADCs 10, respectively perform Fourier 
transform on data output from the plurality of ADCs 10 by 
sampling the analog signals, and generate a plurality of fre 
quency domain signals corresponding to the plurality of 
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6 
ADCs 10. The Fourier transform unit 12 performs Fourier 
transform, e.g., by discrete Fourier transform. 
The measuring unit 14 previously measures a frequency 

characteristic of each of the ADCs 10. For example, the 
measuring unit 14 makes each of the ADCs 10 input a known 
analog signal and measures a frequency characteristic of each 
of the ADCs 10 based on data output from the ADCs 10. At 
this time, the measuring unit 14 may measure a frequency 
characteristic of each of the ADCs 10 using sampling clocks 
obtained when the analog signals are converted into the digi 
tal signals. In this way, it is possible to measure a frequency 
characteristic of sampling performed in each of the ADCs 10, 
which include a phase error of the supplied sampling clock. 
The correction unit 16 multiplies each of the frequency 

domain signals by correction coef?cients based on the fre 
quency characteristics of all ADCs 10 to convert the fre 
quency domain signals into ideal frequency domain signals 
obtained when frequency characteristics of the corresponding 
ADCs 10 are ideal. At this time, the frequency characteristic 
of any one of the ADCs 10 is taken as ideal frequency char 
acteristics. In this way, it is possible to generate ideal fre 
quency domain signals in which a spurious component 
caused by an error of the frequency characteristic of each of 
the ADCs 10 is removed. 

Moreover, the interleaving unit 18 synthesiZes the ideal 
frequency domain signals, and generates a frequency spec 
trum of the digital signal. By such a con?guration, it is pos 
sible to obtain a frequency spectrum in which a spurious 
component caused by the frequency characteristics of sam 
pling performed in the ADCs 10 is removed. 

FIG. 2 is a view explaining a sampling clock being supplied 
to each of theADCs 10. For example, when converting analog 
signals of [-l/(2Ts), l/(2Ts)] band into digital signals, sam 
pling clocks having a frequency of l/(4Ts) are supplied to 
each of the ADCs 10 in different timing by phase Ts. Since an 
analog signal is sampled using such a sampling clock, it is 
possible to sample the analog signal at a rate of four times of 
a sampling frequency of each of the ADCs 10. 

FIG. 3 is a view exemplary showing a frequency charac 
teristic of a signal output from each of Fourier transform units 
12. Spurious components (kI-l, l, 2, 3, 4, and 5) occur onthe 
frequency domain signal that is made by sampling analog 
signals in [-l/(2Ts), l/(2Ts)] band with l/(4Ts) frequency in 
addition to a signal component (kIO) as shown by a solid line 
in FIG. 3. All frequency characteristics have the signal com 
ponent and the spurious components as shown in FIG. 3. 
However, since the sampling clocks of the ADCs 10 deviate 
from one another by Ts, the components of frequency char 
acteristics have directions different from one another in a 
complex space. 

FIG. 4 is a view exemplary showing a part of a frequency 
characteristic of a signal output from the Fourier transform 
unit 12-1. Assuming that all components (kI-l to 5) of the 
frequency characteristic of a signal output from the Fourier 
transform unit 12-0 have the same direction in a complex 
space as shown in FIG. 3, a signal component (kIO) of the 
frequency characteristic output from the Fourier transform 
unit 12-1 has the same direction as that of a signal component 
(see FIG. 3) of the frequency component output from the 
Fourier transform unit 12-0. However, since a phase of a 
sampling clock of the ADC 10-1 advances by Ts compared 
with a phase of a sampling clock of the ADC 10-0, a spurious 
component (kIl) of the frequency characteristic of the signal 
output from the Fourier transform unit 12-1 rotates by 90 
degrees relative to a signal component (kIO). Similarly, the 
other spurious components (k:2, 3, 4, 5, not shown) sequen 
tially rotate by 90 degrees. 
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FIG. 5 is a vieW exemplary in Which each of frequency 
characteristics is displayed on a complex space. Although a 
signal component and a spurious component are discretely 
shoWn in FIG. 5, a signal component and a spurious compo 
nent may be overlapped like the frequency characteristic 
shoWn in FIG. 3. 

As described above, a component of the frequency charac 
teristic of the signal output from the Fourier transform unit 
12-1 sequentially rotates by 90 degrees. Moreover, since a 
phase of a sampling clock of the ADC 10-2 advances by 2Ts 
compared With the phase of the sampling clock of the ADC 
10-0, a component of the frequency characteristic of the sig 
nal output from the Fourier transform unit 12-2 rotates by 180 
degrees as shoWn in FIG. 5. Similarly, since a phase of a 
sampling clock of the ADC 10-3 advances by 3Ts compared 
With the phase of the sampling clock of the ADC 10-0, a 
component of the frequency characteristic of the signal out 
put from the Fourier transform unit 12-3 rotates by 270 
degrees as shoWn in FIG. 5. 

The spurious components (kI-l, l, 2, 3, 5) of each fre 
quency characteristic are removed by synthesiZing these fre 
quency characteristics, only signal component (kIO) and 
aliasing component (k:4) remain. HoWever, When a variation 
occurs in sampling timing of the ADC 10 due to a phase error 
of each sampling clock and a frequency characteristic error of 
theADC 10, it is not possible to remove a spurious component 
by causing a variation in an angle of the spurious component. 

FIG. 6 is a vieW shoWing another example of a part of a 
frequency characteristic of a signal output from the Fourier 
transform unit 12-1. As described above, When there is a 
phase error in the sampling clock supplied from theADC 10-1 
or the frequency characteristic of theADC 10-1 is not ideal, as 
shoWn in FIG. 6, since a variation occurs in an angle of the 
spurious component (e.g., kIl) and thus the spurious com 
ponent is not offset by a spurious component (kIl) of the 
other frequency characteristic, a spurious component remains 
When synthesizing all frequency characteristics. 

The analog-to-digital conversion apparatus 100 explained 
in FIG. 1 corrects a variation of an angle of such a spurious 
component, Which is caused by the frequency characteristic 
of the ADC 10 and the phase error of the sampling clock, to 
perform interleaving and thus removes a spurious compo 
nent. An operation of the analog-to-digital conversion appa 
ratus 100 Will be described beloW. 

FIG. 7 is a ?owchart exemplary shoWing an operation of an 
analog-to-digital conversion apparatus 100. At ?rst, in mea 
surement step S200, a measuring unit 10 previously measures 
a frequency characteristic of each ADC 10. Here, the fre 
quency characteristic of each ADC 10 is given by the folloW 
ing expression. 

Here, 1 shoWs the corresponding ADC 10, and 1:0, 1, 2, and 
3. 

Next, in sampling step S202, an analog signal supplied as 
an input signal is sampled by means of the plurality of ADCs 
10. At this time, sampling clocks pO(t), pl(t), p2(t), and p3 (t) 
supplied to each of the ADCs 10 is given by the folloWing 
expression. 
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°° Expression 1 

p0(1‘) = Z (Sm-4M5) 

00 

Next, in Fourier transform step S204, the Fourier transform 
unit 12 respectively transforms the data sampled by the plu 
rality of ADCs 10 by means of Fourier transform method, and 
generates a plurality of frequency domain signals corre 
sponding to the plurality ofADCs 10.At this time, the Fourier 
transform of the sampling clock shoWn in Expression 1 is 
given by the folloWing expression. 

k m] 

The frequency domain signal X l(f) output from each Fou 
rier transform unit 12 is given by the folloWing expression by 
means of Expression 2. 

00 k ] quid/2 EXpression3 
E 8 

Moreover, assuming that 

each frequency domain signal can be expressed as folloWs. 
Here, in this example, the frequency characteristic of the 
ADC 10-0 is explained as an ideal frequency characteristic. In 
other Words, it is explained as ao(k):l. 

Expression 4 

Here, fs is sampling frequency of each analog-digital con 
verter, items from kI-l to 5 shoW components included in a 
band [0053] assuming that a band of X(f) is [—2fs, 2fs], and 
aJ-(k) shoWs a component corresponding to )_c(k) among fre 
quency characteristics of the j-th analog-digital converter. 

Next, in correction step S206, the frequency domain sig 
nals are multiplied by correction coef?cients based on the 
frequency characteristics of all ADCs 10 using the correction 
unit 16 in order to be converted into frequency domain signals 














